to provide input for further research attempts in this field. To this end, starting from three-dimensional (3D) GaN and AlN crystals, we review 2D SL and multilayer (ML) structures, which were predicted to be stable in free-standing states. These are planar hexagonal (or honeycomb), tetragonal and square-octagon structures. First, we discuss earlier results on dynamical and thermal stability of these SL structures, as well as the predicted mechanical properties. Next, their electronic and optical properties with and without strain are reviewed and compared with those of the 3D parent crystals. The formation of multilayers, hence prediction of new periodic layered structures and also tuning their physical properties with the number of layers are other critical subjects that have been actively studied and discussed here.
In particular, an extensive analysis pertaining to the nature of perpendicular interlayer bonds causing planar GaN and AlN to buckle is presented. In view of the fact that SL GaN and AlN can be fabricated only on a substrate, the question of how the properties of free-standing, SL structures are affected if they are grown on a substrate is addressed. We also examine recent works treating the composite struc- for this emerging field. [11] [12] [13] [14] [15] [16] As early as 2005, 17 the possibility that Si and III-V compounds like GaAs, GaN and AlN can form SL honeycomb structures like graphene, was predicted by ab initio calculations. Later, the stability of SL honeycomb structures of group IV elements, Si, Ge, SiC and several group III-V compounds including GaN and AlN was demonstrated based on rigorous calculations. [18] [19] [20] Since the first time prediction of 2D SL graphitic (or honeycomb) structures of GaN and AlN, 17 which will be denoted as h-GaN and h-AlN, theoretical studies continued to unveil the diverse aspects of these materials.
et al. 45 have demonstrated the epitaxial growth of ultrathin hexagonal form of AlN on single crystal Ag (111) in 2013. They prepared AlN films by plasma assisted molecular beam epitaxy on Ag(111) substrate of single crystals (see Fig. 1(a) ). The Ag substrate was initially cleaned by Ar ion sputtering and annealed in cycles in order to obtain flat surfaces free of C and O. Al metal source and atomic nitrogen were used to epitaxially grow graphite-like AlN on the Ag(111) substrate. After characterization by RHEED, flat epitaxial growth of h-AlN on Ag(111) surface with (1x1) reconstruction was detected. There is a significant lattice mismatch of 8% between the underlying Ag substrate and layered AlN. The ultrathin AlN layers were found to have a lattice constant of 3.13Å. STM image showed that AlN displays well-defined 2D islands with honeycomb symmetry on Ag substrate. 45 Ultrathin
AlN consisting of 12 monolayers of AlN grown on Ag substrate revealed a smaller band gap compared to the few-layer AlN/Si(111) case, 45 in compliance with the previous calculations for h-AlN. 32 In a more recent study, few monolayers thick flat h-AlN was formed on Si (111) surface by molecular beam epitaxy, with lattice constant of h-AlN being 3.08Å. Much recently, 2D GaN has been synthesized via graphene encapsulation, which is a significant achievement pointing GaN to be an important nanomaterial in 2D flexible optoelectronics. 47 In this study, the growth of wurtzite phase of GaN (wz-GaN) on SiC(0001) was initially realized in the forms of 3D islands (see Fig. 1(b) ). Subsequent to the passivation of the high surface energy states, Frank-van der Merwe growth was promoted, allowing for 2D GaN to be obtained. The overall process in a nutshell is that the buckled form of 2D GaN is sandwiched between bilayer graphene top coating and the underlying 6H-SiC substrate, where hydrogenation is applied in order to passivate the dangling bonds between graphene and SiC(0001)+C layer. The band gap of the overall structure which is achieved by electron energy loss spectroscopy (EELS) and calculated by first-principles methods using hybrid functionals (HSE), respectively, are 5.53 and 4.89 eV, significantly higher than 3.42
eV for the HSE calculation of pristine h-GaN. 34 In contrast to the free-standing SL GaN and bilayer (BL) GaN forming planar layers, ultrathin 2D GaN grown on SiC is buckled owing to the N-Si bonds with substrate.
The present paper reviews several studies on SL and few-layer GaN and AlN, starting from 2005 until 2017 with an emphasis placed on their physical properties for potential technological applications. Since the theoretical studies outnumber the experimental ones within the 2D framework, the focus throughout this review work is mostly on the former.
Our objective is to draw attention to seminal works with the hope of revealing new directions for future research. To this end, we present a brief outline on the physical properties of 3D GaN in cubic zincblende (zb-GaN) structure on the other hand, has a slightly lower cohesive energy relative to wz-GaN. It is epitaxially grown as thin films on (011) planes of the cubic substrates 6 . AlN is also stable in its bulk zinc-blende (zb-AlN) form, yet only in samples thinner than 2.0 nm, where a phase transition may also occur into the rocksalt form (rs-AlN), which was observed experimentally at high pressures. [59] [60] [61] High electrical The optimized atomic configurations and electronic energy bands of 3D GaN in the wz and zb structures 34 are presented in Fig. 2(a) Table II, presented along with comparisons among earlier theoretical and experimental studies.
The cohesive energies of 3D and 2D allotropes of GaN (AlN) relative to their constituent free atoms are calculated from the expression,
terms of the total energies E T [Ga(Al)] and E T [N] of free Ga(Al) and N atoms, respectively, and the optimized total energy, E T [GaN(AlN)] of a specific allotrope. By subtracting the cohesive energy of the structure in the global minimum of the given III-V compound from those of other 3D and 2D allotropes, one obtains the formation energy E f at T=0 K relative to the global minimum.
III. 2D SL GAN AND ALN STRUCTURES
Earlier theoretical studies have so far predicted two different stable structures of 2D, free-standing SL GaN, namely planar honeycomb structure with hexagonal lattice, 
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The effect of compressive strain on h-GaN was shown by Gao et al. 27 , which induced buckling of h-GaN, revealing a direct band gap, unlike the planar conformation of SL h-GaN.
The external electric field applied normal to the h-GaN sheet also leads to a transformation from planar to buckled structure. h-GaN maintains the buckled structure once Ga and N atoms are hydrogenated. Kolobov et al. 28 have claimed via structural optimization and phonon calculations that the planar graphitic structure of few-layer h-GaN layers is not the energetically most favorable phase; but it reconstructs into the so-called haeckelite structure with covalent interlayer bonds forming alternating octagonal and square, i.e so-rings. A prospective realization of few-layer of haeckelite GaN (so-GaN), predicted to have a direct gap is tempting for future optoelectronic applications.
Following the comprehensive stability analysis and electronic structure study of SL group III-V compounds 17, 20 , further theoretical studies on ultrathin AlN indicate that h-AlN is a lower energy configuration for only small thicknesses. 21 However, upon applying epitaxial strain, stable hexagonal structures can still be obtained for larger thicknesses. A. Structural optimizations, stability analyses and mechanical properties h-GaN and h-AlN, which were predicted earlier to have planar honeycomb structures, 17, 20 were demonstrated to possess dynamical stability for the optimized lattice constants of 3.09 A and 3.20Å, respectively, calculated using LDA. 20 The optimized atomic structure of free standing SL h-GaN, together with its primitive cell, lattice constants and charge distribution around Ga-N bonds is shown in Fig. 3(a) . Three of each Ga-sp 2 and N-sp 2 hybrid orbitals form ionic σ-bonds along Ga-N bonds arranged as a hexagon and provide the strength of hGaN. Their p z orbitals perpendicular to the h-GaN plane, maintain the planar geometry. The Table III . Free-standing, SL h-GaN and so-GaN: Optimized lattice constant a; Ga-N bond length
, charge transfer Q * b from Ga to N, Born effective charge Z * , and indirect E g−i band gaps calculated using different methods. isosurfaces of the total charge density represent the electron distribution over the hexagons, with Ga and N atoms alternatingly placed at the corners. Ga-N bonds in 3D wz(zb)-GaN, constructed of tetrahedrally coordinated sp 3 hybrid orbitals, appear to be 0.12Å longer than those in h-GaN, implying stronger bonds for the 2D structure of h-GaN. However, the cohesive energy of the four-fold coordinated 3D wz-GaN crystal is 0.70 eV per bond higher than that of h-GaN, pointing to a local minimum in the Born-Oppenheimer (BO) surface for the latter. The lattice constants a=b, bond length d, cohesive energy E c , in-plane stiffness Two free-standing, SL structures of 2D AlN, namely h-AlN and t-AlN, are displayed in Fig. 4(a) . The first one has a structure similar to h-GaN, conformed in a hexagonal planar symmetry. The other free standing 2D phase, t-AlN possesses a non-planar tetragonal sym- in-plane stiffness C (uniaxial strain along x-axis/along diagonal of
from Al to N, Born effective charge Z * , and indirect E g−i and direct E g−d , band gaps calculated using different methods. While bond-length of bulk wz-and zb-AlN are identical with that of SL t-AlN, h-AlN has a bond length value nearly 0.1Å shorter than that of 3D wz-AlN, indicating stronger Al-N bonds for h-AlN. In compliance with this conclusion, the cohesive energy E c of h-AlN is 150 meV higher than that of t-AlN.
Recently, the so-called haeckelite structure of free-standing SL so-GaN and so-AlN consisting of squares and octagons were demonstrated from first-principles to be stable.
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In these structures one distinguishes bonds of two different lengths due to the different bond calculated for so-GaN and so-AlN are presented in Table III and Table IV structures, even though all phonon frequencies in the Brillouin zone come out to be positive.
For instance, a structure can dissociate even at low temperatures, when the local minimum of a given phase is shallow in the BO surface. In order to assure that these minima are truly deep such that the SL structures preserve their stability under thermal excitations, earlier ab initio finite temperature molecular dynamics (MD) calculations were performed in the range of 0-1000K, to confirm the high-temperature stabilities of all SL GaN and AlN phases. 32, 34, 108 Accordingly, all free-standing SL structures, namely h-GaN, h-AlN, t-AlN, soGaN and so-AlN remained stable for 3 ps at temperatures as high as 1000K, assuring stability for device operations at room temperature and slightly above it. 32, 34, 108 In concluding this section we note that the dynamical stability tests have only limited significance and assure that the 2D structure at hand is stable if prepared experimentally. Moreover, the stability of SL and ML structures are enhanced if they are grown on substrates.
B. Electronic structure
In few most recent studies, The π and π * -bands lead to a fundamental band gap of h-GaN, making it a wide band gap semiconductor. As can be seen in Fig. 3 , maximum of the valence band occurring at the K-point and minimum conduction band at the Γ-point yield an indirect PBE band gap of 
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The fundamental band gaps of so-GaN and so-AlN in Fig. 5 Table III and Table IV , respectively.
C. Effect of strain
The electronic properties of SL h-GaN under the applied biaxial in-plane tensile strain, ǫ, has been extensively investigated by Onen et al. 34 , that could be crucial for tuning of the electronic structure. The band gap of h-GaN was found to decrease monotonically from 2.16 to 0.21 eV, until 10% strain, even to close at ǫ=16%. This is a significant change in the electronic structure caused by the applied strain, in case strain ǫ > 10% is affordable for h-GaN. A recent study on strain engineering of few-layer GaN showed that the haeckelite atomic structure of layered GaN transforms to planar under applied in-plane tensile strain, while compressive strain induces a transformation into (an increased) direct gap.
118
Regarding ultrathin AlN, the graphitic hexagonal phase was shown to be a more favorable configuration only for small thicknesses. 21 On the other hand, stable hexagonal structure for larger thicknesses can still be preserved under epitaxial strain. 29 Kecik et al. 33 investigated the modification of the optoelectronic properties of SL and few-layer h-AlN under the influence of in-plane tensile strain at values of 1%, 3%, 5%, and 7%. Accordingly, the optical absorption spectra were observed to be globally shifted toward lower photon energies. The absorption band edges, as well as peak positions were redshifted. These shifts were rather uniform and increasing upon higher strain values. Moreover, bond length affected by tensile strain as well as confinement effects are expected to modify also the electronic structure of h-AlN. Hence, band gap of h-AlN was reduced monotonically as the strain value increased.
Tuning of the atomic structure, electronic and optical properties by in-plane tensile or compressive strain is well-known also from some recent work on the structural, electronic, and optical properties of 2D materials and group-III nitrides, and promising for potential novel optoelectronic applications by strain engineering. 
D. Effect of substrate
The freestanding h-GaN cannot be exfoliated from 3D layered GaN, since the latter is nonexistent in nature. Therefore, 2D GaN should be grown on a substrate. It is critical to reveal whether the mechanical and electronic properties discussed above for free-standing SL GaN and AlN will survive when these materials are grown on specific substrates. To this end, the structural and electronic properties of SL h-GaN 34 and h-AlN overlayers grown on two different substrates were examined, which are: (i) metallic Al(111) surface and (ii) semiconducting blue phosphorene. The models of h-GaN+substrate and h-AlN+substrate are presented in Fig. 6 .
The first type of substrate, a reactive Al(111) surface is expected to interact strongly with h-GaN, constructed of a slab consisting of four Al(111) planes. In order to ensure lattice matching with h-GaN overlayer, Al(111) slab has been expanded by 15%, so that the N atoms are located on top of the Al atoms. The optimized height of h-GaN from the substrate is h=3.17Å, larger than the sum of the covalent atomic radii, r Ga + r N =1.76Å.
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Density of states (DOS) localized on the overlayer reveals peaks 1 < E < 2 eV and 3 < E < 4 eV. Low DOS near the gap region of h-GaN in the energy range 1 < E < 1.5 eV are partly due to numerical accuracy and weak substrate-overlayer interaction.
Blue phosphorene, a semiconducting buckled 2D material is nearly lattice matched to h-GaN, hence is an ideal substrate to investigate the substrate-overlayer interaction. As shown in Fig. 6(a) , the height of the h-GaN overlayer from blue phosphorene surface is h=2.97Å, larger than the sums of covalent radii r Ga + r P =2.36Å. The DOS projected onto h-GaN displays peaks at ∼ -1 eV, -2.5 eV and -6 eV. As can be observed, the fundamental band gap of h-GaN+phosphorene partly overlaps with that of pristine h-GaN, suggesting that the overlayer h-GaN and the underlying blue phosphorene interaction does not modify the electronic structure of the freestanding h-GaN significantly.
Likewise, the effect of Al (111) and blue phosphorene substrates on h-AlN overlayers is weak as seen in Fig. 6(c) and (d) . Similarly, the structure, interlayer interaction energy, and electronic properties of SL and few-layer h-AlN on graphene were also investigated within density functional theory (DFT). 114 It was found that dynamically stable few-layer h-AlN can form on graphene, where interlayer interaction between h-AlN layers is stronger than that between h-AlN and graphene. Also, the electron density of h-AlN layers is not significantly modified upon stacking. A recent study 110 investigated the properties of h-AlN on MoS 2 , and claimed that either by inducing vacancies or doping, the physical properties and band alignment type of the AlN/MoS 2 heterostructure can be adjusted. As several previous works have shown, the modification of the physical properties of layered structures as the layer number is increased is rather gradual. 121, 122 Growing these BL, TL or ML, and eventually 3D periodic layered structures, which correspond to local minima on BO surface, can lead to novel artificial materials. Notably, owing to the increasing interlayer interaction, the E C of TL h-GaN is larger than that of BL h-GaN and SL h-GaN. The vdW interaction is not taken into account within 3D bulk structures, hence the bulk E C are slightly underestimated relative to those of the ML structures. The designed 3D layered GaN structure constituted from planar SL h-GaN is periodic in the direction perpendicular to the atomic planes and has an optimum stacking sequence of AA ′ AA ′ ... with cohesive energy E C =8.94 eV and the interlayer interaction energy E i =653 meV per vertical Ga-N pair.
IV. MULTILAYERS OF SL-GAN AND SL-ALN
The interlayer spacing h, lattice constants a=b, c and bond length d along with the corresponding electronic structures of BL, TL, and 3D periodic h-GaN calculated by Onen et al. 34 are shown in Fig. 7(a) . Clearly, the interlayer interaction energies in BL and TL h also decreases as the number of layers increases, since the total interlayer interaction also increases, contrary to the trend of bond lengths and lattice constants. In 3D periodic hGaN, on the other hand, where the total interlayer interaction is maximum, the fundamental band gap decreases to 1.23 eV and becomes direct. This trend can be explained in terms of the confinement effect. Notably, the band gap of 3D wz-and zb-GaN are direct, yet significantly larger than that of 3D periodic h-GaN. This is an important result and shows that 3D layered structure of h-GaN can be synthesized with a band gap smaller than those of 3D bulk crystals. Additionally, the band gap of few-layer h-GaN decreases with increasing number of layers and changes from indirect to direct. Hence, the number of layers can be a controllable structural parameter for tuning the electronic properties. The band gap character and value of few-layer h-GaN can also be tuned by changing the stacking order, as well as by applying electric field.
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Likewise for the ML structures of h-AlN, BL, TL and 3D bulk periodic forms of h-AlN were examined in terms of their structural parameters, cohesive energies, electronic and optical properties in previous studies. 32, 33 Similar to the stacking of ML of h-GaN, the favorable stacking sequence for BL, TL and 3D layered h-AlN were found to be AA ′ , AA ′ A and AA ′ AA ′ ..., respectively, as shown in Fig. 7(b) . The same trends discussed above for Motivated with this new configuration, we explored the possibility whether such a haeckelite reconstruction can take place to further increase the cohesive energy of ML structures of planar h-GaN and h-AlN. Recently, Kolobov et al. 28 have also shown an interlayer haeckelite configuration of few-layer GaN, which was claimed to be the most stable structure of few-layer GaN (compared to planar and wurtzite-like few-layers). According to our calculations specifically performed to investigate the conditions haeckelite like interlayer bonds form, it was observed that bilayer "buckled" or "flat" GaN layers conformed with AA or AA ′ stacking do not transform into a haeckelite structure by themselves. The planes were either pushed farther apart from each other, or were converted into a wurtzite-like structure eventually, for 1 × 1 unitcell and 2 × 2 supercell. On the other hand, once a BL of h-GaN is given an initial structure with interlayer haeckelite bonds, this was preserved with lateral In this section, we will discuss the optical spectra of h-GaN and h-AlN and compare them with their bulk counterparts. Since 3D wz-GaN is well-known for its use in optoelectronic applications, the optical properties of its 2D phases have also been a subject of interest. In Fig. 8(a)-(d) , the optical absorption spectra and layer dependent absorbance of SL and BL h-GaN and h-AlN are presented, all calculated using random phase approximation (PBE-RPA), based on Refs. 33, 34 . We note that RPA spectra usually differ dramatically from experimental counterparts due to its shortcomings especially pronounced for low-dimensional band gap materials with enhanced many-body effects. Hereby, although the results obtained by Bethe-Salpeter equation (BSE) method which take into account the electron-hole interactions are not displayed, we report relevant data in the forthcoming discussions.
The Regarding the many-body effects on the optical properties, we refer to the earlier works 33, 34 for h-GaN and h-AlN, respectively. In general, it was observed that HSE and 
129,130
The optical spectra of SL and bulk GaN and AlN show significant differences, implying that they could serve for different optoelectronic applications. As it has been discussed in the previous section, the electronic properties of BL and few-layer structures of h-GaN and h-AlN also undergo gradual changes with the number of layers. Therefore, one can control the optical properties by changing the number of layers in the ML structures. 
V. COMPOSITE STRUCTURES OF GAN/ALN
Earlier, a significant portion of the 3D optoelectronic nitride devices were fabricated in the form of heterostructures, where numerous theoretical studies are also present.
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Composite Despite the fact that SL GaN and AlN and their multilayers display so many interesting physical and chemical properties, the diversity of these properties can be multiplied when these structures are functionalized by the adsorption of adatoms in specific decorations.
Depending on the type of the adsorbed adatoms, the electronic structure as well as the optical properties of these SL or ML can be modified. Specific adatoms can attribute permanent dipole moments. layer grown on SiC surface seems to be spin-polarized and have finite density of states at the Fermi level. Additionally, while SL h-GaN is planar, the overlayer grown between hydrogenated graphene and SiC surfaces are specified as buckled. We believe that the study of the growth of SL and few-layer h-GaN and h-AlN on diverse substrates will shed light on the growth processes and substrate-overlayer interactions. Whether the growth of few-layer hGaN and h-AlN constituted from planar single layers can be attained, or else vertical bonds between the cation and anion can form is a critical issue, which is essential for the fabrication of layered, synthetic GaN and AlN. In this respect, the growth of ML 2D h-GaN and h-AlN under perpendicular pressure can clarify whether perpendicular bonds between layers can be constructed. Further work on growth is needed also in order to deduce substrates with minimum substrate-overlayer interactions. Growth on a substrate is also significant in order to develop techniques for printing circuits or specific patterns within or on GaN and AlN overlayers.
There exist also critical and fundamental issues, which ought to be clarified by further experimental and theoretical studies. One example is why the fundamental band gap of SL-AlN increases with the increasing number of layers in contrast to the trend in h-GaN.
Since SL h-AlN, h-GaN and h-SiC are almost lattice matched semiconductors, they allow the commensurate growth of in-plane and vertical composite structures. These SL structures can also make junctions with metallic graphite and specific SL magnetic/nonmagnetic transition metal dichalcogenides. This situation opens a wide range of field of composite structures, novel synthetic materials with a diversity of the physical properties. One can achieve the formation of Schottky barriers, rectifiers, multiple and single quantum wells, resonant tunneling devices, patterned core/shell structures using planar and vertical structures of these nearly lattice matched 2D materials. Not only semiconductor/semiconductor junctions, but also the metal/semiconductor/metal junctions can operate as nanocapacitors. Moreover, a spin-valve effect can be attained from the metal/magnetic-metal/metal junctions.
In summary, SL GaN and AlN, their multilayers and composites are promising materials, which deserve intense research for the development of novel devices.
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